Abstract. Simultaneous and quantitative assessment of multiple tissue parameters may facilitate more effective diagnosis and therapy in many clinical applications, such as wound healing. However, existing wound assessment methods are typically subjective and qualitative, with the need for sequential data acquisition and coregistration between modalities, and lack of reliable standards for performance evaluation or calibration. To overcome these limitations, we developed a multimodal imaging system for quasi-simultaneous assessment of cutaneous tissue oxygenation and perfusion in a quantitative and noninvasive fashion. The system integrated multispectral and laser speckle imaging technologies into one experimental setup. Tissue oxygenation and perfusion were reconstructed by advanced algorithms. The accuracy and reliability of the imaging system were quantitatively validated in calibration experiments and a tissue-simulating phantom test. The experimental results were compared with a commercial oxygenation and perfusion monitor. Dynamic detection of cutaneous tissue oxygenation and perfusion was also demonstrated in vivo by a postocclusion reactive hyperemia procedure in a human subject and a wound healing process in a wounded mouse model. Our in vivo experiments not only validated the performance of the multimodal imaging system for cutaneous tissue oxygenation and perfusion imaging but also demonstrated its technical potential for wound healing assessment in clinical practice.
Introduction
Accurate assessment of cutaneous tissue oxygenation and blood perfusion is important in many clinical applications such as wound healing, 1,2 diabetes, 3, 4 and plastic surgery. 5, 6 For instance, chronic wounds are among the most common wounds in clinical medicine, greatly reducing patients' quality of life and costing hundreds of billions of dollars for treatment annually. 7 The normal wound healing process involves the reparative phases of inflammation, proliferation, and remodeling. 1 During such phases, sufficient oxygen and nutrition delivered by subcutaneous perfusion are critical for successful wound healing. 8 Because oxygenation and perfusion are significant for understanding the mechanism of chronic wounds and monitoring the wound healing process, accurate and quantitative characterization of these functional parameters will enhance appropriate prevention, assessment, and treatment of chronic wounds.
In the past, many clinical methods and optical systems have been developed to measure tissue functional parameters. Existing methods for tissue oxygenation measurement include the use of polarographic microelectrodes, 9 transcutaneous oxygen meters, 10 pulse oximeters, 11 and hyperspectral imaging. 12 In addition, current techniques for perfusion measurement include electrohemodynamics, 13 magnetic resonance imaging, 14 laser Doppler, 15 thermodilution, 16 radiation tracers, 17 and use of Indocyanine Green dye. 18 Among existing tools for oxygenation and perfusion measurements, the emerging optical imaging tools are able to map tissue optical characteristics and functional properties in a rapid, cost effective, and noninvasive fashion. The optical method is always limited in its detection depth. In the ultraviolet-visible range of the spectrum (<700 nm), light can penetrate tissue by a few hundred microns to a millimeter in depth. Meanwhile, in the near-infrared (NIR) spectral range (700 to 900 nm), light can propagate several centimeters in depth due to decreased absorption. 19 As a new avenue for realtime assessment of tissue oxygenation, multispectral or hyperspectral imaging acquires reflectance images of biologic tissue at multiple wavelengths and reconstructs the oxygen saturation map by a number of algorithms. 12, 20, 21 Laser speckle imaging reconstructs a two-dimensional map of blood flow over an area of tissue based on spatial or temporal statistics of the speckle pattern. 22 Furthermore, several imaging modalities can be integrated in a multimodal imaging system for comprehensive assessment of multiple tissue parameters. [23] [24] [25] [26] [27] However, many tissue parameters acquired by the existing multimodal imaging systems are typically relative and semi-quantitative, and sequential data acquisition is needed for coregistration between individual modalities. 28, 29 Quantitative multimodal imaging is also challenged by the lack of a reliable standard for performance evaluation and calibration, the difficulty of conducting continuous monitoring and rapid recording of tissue dynamic changes, and the measurement disparities resulting from inappropriate coregistration, measurand fluctuations, tissue heterogeneities, and patient-to-patient variations.
To overcome these limitations, we developed a multimodal imaging system that shares the same imaging module for quasisimultaneous, quantitative, and noninvasive assessment of cutaneous tissue oxygenation and blood perfusion. The system integrated multispectral and laser speckle imaging technologies into one experimental setup. During a data acquisition session, the individual imaging modalities can be alternated rapidly without moving the imaging module or the target tissue, leading to a significantly simplified postprocessing procedure. Tissue oxygenation and blood perfusion were reconstructed based on a wide gap second derivative reflectometry algorithm and a laser speckle contrast analysis (LASCA) algorithm. The accuracy and reliability of the reconstruction algorithm were quantitatively validated in two calibration experiments in Secs. 2.4.1 and 2.4.2. A skin-simulating phantom was designed to test system performance for measurement of multiple functional parameters. The experimental results were compared with a commercial Moor tissue oxygenation and perfusion monitor. Dynamic detection of cutaneous tissue oxygenation and perfusion was also demonstrated in vivo by a postocclusion reactive hyperemia (PORH) procedure in a healthy human subject and a wound healing process in a wounded mouse model. Our in vivo experiments not only validated the performance of the multimodal imaging system for cutaneous tissue oxygenation and perfusion imaging, but also demonstrated its technical potential for wound healing assessment in clinical practice.
Materials and Methods

Multimodal Imaging System
The multimodal imaging system integrates multispectral and laser speckle imaging technologies into one setup, as shown in Fig. 1 . One advantage of this system is the automatic and rapid switching between two different imaging modalities for simultaneous and dynamic data acquisition in one identical field of view (FOV). As shown in the figure, an acousto-optic tunable filter (AOTF) light source (500 to 900 nm range, 10 nm bandwidth at 633 nm, Brimrose) for multispectral imaging and a laser device (λ ¼ 785 nm, 150 mW, Changchun New Industries, China) for laser speckle imaging are connected to a light ring via a bifurcated optical fiber for uniform illumination. An electric shutter (Daheng New Epoch Technology, Inc., Beijing, China) is fixed on the fiber to alternate between two illumination modalities programmatically. A homochromous 12-bit charge-coupled device (CCD) camera (Microvision Digital Imaging Technology Co. Ltd., China) is used to acquire the reflected intensity of biologic tissue or tissue-simulating phantoms with a resolution of 1392 × 1040 pixels. The quantum efficiency of the CCD chip is greater than 40% at a wavelength range from 400 to 800 nm, suitable for multispectral and laser speckle images collection. The lens can be changed based on the area of samples. The light source and electric shutter are connected to a laptop via serial port for instrument control, and the camera is connected to an image grabber through 1394A port for image transmission. To control the equipment and synchronize data acquisition tasks between modalities, we have developed a graphic user interface (GUI) based on the LabVIEW software platform (National Instruments, Texas).
Image Acquisition
The multimodal imaging procedure was exemplified by a single image acquisition sequence, as described below. In order to obtain a multispectral dataset, a sample to be measured and a 99% reflected diffuser (National Institute of Standards and Technology, Gaithersburg, Maryland) were placed within the FOV of the CCD camera at an equal height. Then an image was captured in a completely dark environment to record the dark current noise of the CCD chip. Next, the electric shutter was closed to block the 785 nm laser light path, and the AOTF tunable light source was controlled to illuminate the sample with the specific wavelength beam (544, 552, 568, 576, 592, and 600 nm) successively. At the same time, the autoexposure adjusting function was run to set up the optimal exposure time of each wavelength in the case of improper intensity of the sample. Next, monochromatic images of every wavelength were taken and stored at corresponding exposure times for further processing. To obtain the laser speckle data, the electric shutter was switched to the open position, and the raw speckle images on target sample were acquired at 5 frames∕s with the camera exposure time set to be 15 ms. Including sequential exposure, image storage, modality switch, and system delay, a complete sequence of multimodal data collection was performed inapproximately 6 to 8 s. Because the image acquisition sessions at multiple wavelengths were not strictly simultaneous, the time series for each set of multispectral images was interpolated onto a common time base. In addition, to avoid the measurement artifact caused by ambient light, the experiment was carried out in a dark environment.
Image Processing
Image processing includes tissue oxygenation reconstruction from multispectral images with a wide gap second derivative reflectometry algorithm and tissue perfusion reconstruction from laser speckle images with a LASCA algorithm. The processing was performed using MATLAB® software (The Mathworks Incorporated, Natick, Massachusetts).
Tissue oxygenation reconstruction from multispectral images
In our system, tissue oxygen saturation (StO 2 ) was reconstructed by a second derivative algorithm based on the reflectance Fig. 1 The simultaneous multimodal imaging system: multispectral light source [acousto-optic tunable filter (AOTF) light source] and laser speckle light source (laser device) are connected to a light ring via a bifurcated optical fiber for average illumination, and an electric shutter is fixed on the fiber to switch two illumination modalities programmatically. The CCD camera will be triggered for data acquisition with corresponding light illumination.
measurements at six designated wavelengths. [31] [32] [33] Operated at these wavelengths, our imaging system may not be able to reach the same imaging depth as that of an NIR spectroscopic device or an RGB reflectometry device. However, the proposed wavelength set and the imaging algorithm are able to facilitate more sensitive detection of tissue StO 2 fluctuations with minimal measurement bias induced by skin condition variations in terms of blood concentration, scattering, and melanin. Furthermore, our imaging system can be configured for multispectral imaging in a broader wavelength range because the AOTF tunable light source has an operation wavelength range of 500 to 900 nm and the CCD camera is monochromatic with high spectral responsivity and large dynamic range.
The imaging algorithm includes four consecutive steps of calculating absorption-scattering ratio, deriving wide gap second derivative, obtaining analytical expression of second derivative ratio (SDR), and curve fitting for StO 2 calculation. In this algorithm, six wavelengths (544, 552, 568, 576, 592, and 600 nm) are screened to calculate an SDR, an index corrected to StO 2 regardless of blood concentration, scattering, and melanin level. 31 SDR can be calculated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 5 2 1 SDRð568;576Þ ¼ rð592Þ þ rð544Þ − 2rð568Þ rð600Þ þ rð552Þ − 2rð576Þ ;
where μ a is the absorption coefficient and μ 0 s is the reduced scattering coefficient, s and rðλÞ can be solved using a simplified numerical model reported by Prahl. 34 The index has a monotonous relationship with StO 2 as shown in Eq. (2): E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 4 0 3 StO 2 ¼ 100ð−1.4 SDR 3 þ 4.82 SDR 2 − 5.66 SDR þ 2.38Þ:
To obtain StO 2 from the measurements of SDR, the reflectance map at each wavelength RðλÞ is calculated by taking the ratio of the skin and the diffuser measurements pixel by pixel. Next, the SDR value is calculated using Eq. (1). Finally, the StO 2 map of skin tissue is obtained by Eq. (2).
Tissue perfusion reconstruction from laser speckle images
Tissue perfusion characteristics can be acquired with spatial LASCA algorithm. 22 Illumination of a tissue by monochromatic laser light will produce an interference pattern on the tissue surface. The speckle images exhibit blurring over the exposure time of the camera, which is more pronounced in vascularized regions due to the motion of red blood cells. By analyzing these intensity fluctuations mathematically, parameters about the blood perfusion in the tissue can be obtained.
Next, we present a speckle imaging algorithm modified from that of a Perimed laser speckle imaging system. 35 In this system, a 785-nm laser device was selected to provide enough depth of light transmission. From the images data, we can obtain the intensity and variance of a region of interest (ROI). To calculate the contrast from intensity-variance pairs, the following equation should be used:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 9 7C
where C is the contrast, V is the variance, I is the intensity, and β is the coherence factor. The coherence factor ensures C ¼ 1 (and thus perfusion ¼ 0) for static objects, which is system specific and will be determined by a calibration experiment as described in Sec. 2.4.2. The perfusion is calculated from the contrast as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 6 8 6
where P is the perfusion, C is the contrast, and k is the signal gain factor. Similar to the coherence factor, the signal gain factor will be calibrated to ensure a certain perfusion value on a flux standard.
System Verification and Calibration
Two verification and calibration experiments were conducted, respectively, for multispectral StO 2 and laser speckle perfusion measurements.
Liquid blood phantom experiment for multispectral imaging
The StO 2 algorithm was verified using a liquid blood phantom, 30 which was prepared by mixing fresh chicken blood, Indian ink (Bomei Biotechnology, Hefei, China), and 20% intralipid (Sino-Swed Pharmaceutical Corp, Ltd., China) in phosphate buffered solution (Bomei Biotechnology). Ink and intralipid were used to simulate melanin absorption and skin scattering, respectively, and concentration of these ingredients should be determined to ensure that the optical parameters of the phantom would match those of in vivo tissue. In our experiments, the absorption coefficients of the blood phantom were regulated to be 0.172 cm −1 (at 690 nm) and the reduced scattering coefficient to be 4.5 cm −1 (at 690 nm), as confirmed by an OxiplexTS tissue spectrophotometer (ISS Inc., Champaign, Illinois). The pH level of the phantom was adjusted to 7.4 by adding NaOH and HCl. Finally, the oxygenation level of the phantom was adjusted by dropwise addition of sodium hydrosulfite (0.025 g∕mL, Bomei Biotechnology) using an injection syringe (LSP01-1A, Baoding Longer Precision Pump Co., Ltd., China).
To verify the multispectral imaging system for StO 2 measurement, multispectral data of the blood phantom were acquired from the setup shown in Fig. 2 . The blood phantom was placed in a container filled with argon gas to eliminate the measurement artifact caused by oxygen in ambient air. During the calibration test, 11 oxygenation levels ranging from nearly 100% to nearly 0% were generated by dropwise addition of sodium hydrosulfite at designated doses. At each oxygenation plateau, the blood phantom was mixed to homogeneity by a magnetic stirrer, then multispectral data of each oxygenation level were acquired and saved. At the same time, a probe of the Moor oxygenation monitor (VMS-OXY, Moor Instruments Inc., Devon, UK) was adhered to the beaker, which recorded the actual oxygen saturation of the blood phantom during the calibration procedure.
Calibration experiment for laser speckle imaging
The LASCA algorithm was verified by an integrated calibration method using a PFS Flux Standard and a moving white plate.
The PFS Flux Standard (Moor Instruments Inc., Devon, United Kingdom) is a colloidal suspension of polystyrene particles, as shown in Figs. 3(a) and 3(b) . Typically, laser speckle images are acquired after the suspension is shaken gently for 10 s and rested for 2 min. At room temperature (25°C), the stationary background area typically produces a contrast value of 1, and the Flux Standard produces a perfusion value of 250 AE 5 Perfusion Units (PUs). Thus, the parameters β and k described in Eqs. (3) and (4) can be determined to ensure numeric accuracy.
The linearity of perfusion measurement was verified by a flow-simulating experiment following a previously established protocol. 36 Figure 3(c) shows the experimental setup for the verification test. A white diffuser plate (National Institute of Standards and Technology) was driven by a motorized positioning system (TSA100, ZOLIX instruments, China) at a constant velocity to simulate the movements of blood flow. The perfusion measurements were taken over a regular velocity range from 0 to 10 mm∕s. At each velocity plateau, 30 consecutive speckle images were acquired at a sampling rate of 5 frames∕s. The perfusion P was calculated by LASCA algorithm as described previously.
In Vitro Test on a Tissue-Simulating Phantom
Tissue-simulating phantom fabrication
In order to simulate the optical characteristics and the functional parameters of cutaneous tissue, we designed a biocompatible, permanent, and reusable solid phantom that embeds a vesselsimulating channel. The phantom was composed of polydimethylsiloxane (PDMS), titanium dioxide powder (TiO 2 ), and Indian ink. First, PDMS (Dow Corning) materials were prepared at a hardener-to-matrix ratio of 1:10 (by weight). Second, TiO 2 (Guangfu Fine Chemical Research Institute, China) and Indian ink (Bomei Biotechnology Co., Ltd.) at the designated doses were added into the matrix as the scattering and the absorbing agents, respectively. The mixture was stirred to homogeneity and placed in a vacuum pump for degassing. The mixture was then poured into a rounded mold with a square section vessel model (sectional area ¼ 5 mm × 3 mm) placed at the center position. The mixture was kept still for several hours until complete solidification, and the vessel model was then taken out of the phantom. To check the phantom's optical characteristics, an OxiplexTS tissue spectrophotometer was used to confirm the absorption coefficients of PDMS phantom to be 0.122 cm −1 (at 690 nm) and the reduced scattering coefficient to be 5.3 cm −1 (at 690 nm), and the optical parameters were adjusted to match those of normal human cutaneous tissue. 37 
Phantom test procedure
An experimental system as shown in Fig. 4 was established to simulate blood circulation and oxygenation variations. Two completely duplicated PDMS phantoms were connected in series by silicone tubes to avoid optical interference from the Moor monitor during measurement. One phantom was used for multimodal imaging and the other was used to validate the imaging results via an affixed Moor oxygenation and perfusion detector (VMS-OXY and VMS-LDF, Moor Instruments Inc.). A peristaltic pump (BT100-2J, Baoding Longer Precision Pump Co., Ltd.) was used to circulate 250 mL blood solution (diluted by distilled water in a ratio of 1:5 by volume) for blood Fig. 2 Schematic drawing of the experimental setup for multispectral imaging of blood phantom. The blood phantom was placed in a container filled with argon gas. A NIST traceable white diffuser was placed next to the phantom for spectrum calibration. Sodium hydrosulfite was added dropwise by a syringe pump for different oxygenation levels. A Moor oxygenation monitor was used to record the actual oxygen saturation of the blood phantom. 4 Schematic drawing of an experimental setup for simulating blood circulation and oxygenation adjustment. Two completely duplicated polydimethylsiloxane (PDMS) phantoms were connected in series for multimodal imaging and Moor monitor comparison. Fresh dilute blood was sealed in a conical flask. In the simulating vessel of the PDMS phantoms, the blood flow was driven by a peristaltic pump and the oxygenation level was adjusted by dropwise addition of sodium hydrosulfite. circulation simulation. The blood solution was sealed in a conical flask to eliminate the effect of oxygen in ambient air and weaken the intermittency of the peristaltic pump. The oxygenation level of the blood was adjusted by dropwise addition of sodium hydrosulfite (0.025 g∕mL) using an injection syringe through a silicone tube. At each oxygenation plateau, the blood phantom was mixed to homogeneity by a magnetic stirrer. Based on this setup, multispectral imaging and laser speckle imaging can be verified on PDMS phantoms simultaneously or consequently.
In Vivo Demonstration on Cutaneous Tissue
Human skin occlusion test
The multimodal imaging system of measuring StO 2 and perfusion was verified on a healthy volunteer following a similar clinical protocol of PORH as approved by The Ohio State University Institutional Review Board. 38 The subject's hand was comfortably rested on a countertop within the view field of the CCD camera. A Moor tissue oxygenation and perfusion detector was affixed next to the monitoring region. The PORH process consisted of a preocclusive baseline period (no pressure applied to the arm) of 1 min, a suprasystolic occlusion (180 mm Hg) period of 3 min, and a reactive hyperemia period (pressure released) of 2 min. During the PORH test, the illumination was switched periodically from multispectral light beam to laser light beam by electric shutter; correspondingly, multispectral images of six designated wavelengths and laser speckle images were acquired. At the same time, Moor oxygenation and perfusion monitor recorded the dynamics of oxygenation and perfusion during the PORH process.
Nude mouse wound model
We also established an in vivo mouse dorsal skinfold chamber model to monitor the dynamics of oxygenation and perfusion during the cutaneous wound healing process. 39 Four male BALB/c-nu nude mice (Vital River Laboratory Animal Technology Co. Ltd., China) of 10 weeks old with a body weight of 23 to 25 g were used for the experiments. Figure 5(a) shows a nude mouse implanted in a dorsal skinfold chamber; the fold of the depilated dorsal skin of a mouse was taken and then fixed like a sandwich between the two titanium frames of the chamber. A full dermal thickness wound of 2 mm in diameter was made by removing the skin (including epidermis, dermis, subcutis, cutaneous muscle, and subcutaneous fatty tissue) of one skin layer completely using a biopsy punch. A sterile coverslip was used to close the operation field to avoid infection or mechanical damage. To facilitate multimodal assessment by imaging system, a modified mice holder was developed to fix the mouse as shown in Fig. 5(b) . Furthermore, a calibrated white diffuser made of Teflon was used to replace the NIST 99% reflected diffuser for multispectral imaging as shown in Fig. 5(c) . Following acquisition of the multimodal images, a white light reflectance image of the wound area was routinely taken for comparison. The experiments were conducted in accordance with guidelines for the Care and Use of Laboratory Animals and the Institutional Animal Care and Use Committee of University of Science and Technology of China (Protocol No: USTCACUC1401009).
Results and Discussion
System Validation Results
Calibration results for multispectral imaging
At each oxygenation level of each recipe, StO 2 was reconstructed from multispectral images using our algorithm as described previously. Three ROIs on the maps were selected to average the StO 2 values. After normalization to the scale of 0% to 100% by a linear function, the results were compared with the actual StO 2 measured by Moor oxygenation monitor. According to Fig. 6(a) , linear correlation relationship can be observed between the calculated oxygenation levels and their actual values, indicating that the algorithm is able to reconstruct tissue oxygenation. The measurement error mainly reflects the ambient oxygen interference and different StO 2 algorithm between our system and the Moor monitor. Figures 6(b) to 6(e) show the contrast of blood phantom at full oxygenation, deoxygenation, and corresponding StO 2 color maps. In these figures the phantom area shows substantial discrimination from deoxygenation to full oxygenation, but the resulting oxygenation value is quite unreasonable in the background area; this reflects the different optical properties of tissue and should be ignored.
Calibration results for laser speckle imaging
The calibration procedure for laser speckle blood perfusion imaging consisted of two steps. First, the perfusion result of a Flux Standard and static background was calculated by original LASCA algorithm. Three ROIs marked in Fig. 7(b) were selected to average the contrast and perfusion values. According to Eqs. (3) and (4), to ensure C ¼ 1 for static background (12) and P ¼ 250 AE 5 PU for Flux Standard, the parameters β and k were determined to be 2.00 and 21.45, respectively. Second, as shown in Fig. 7(a) , perfusion produced from the dynamic speckle on the white diffuser increases linearly with the moving velocity within a regular range of blood flow. The fitting line reveals an impressive linear correlation between two parameters. Figure 7 (b) shows four representative perfusion maps at different moving speeds. By combining the results of these two experiments, the linearity and numerical accuracy of laser speckle imaging can be verified.
In Vitro Test Results on a Tissue-Simulating Phantom
A PDMS phantom test using the experimental setup in Fig. 4 was conducted to verify the imaging system in two modalities together. Figures 8(a) and 8(b) demonstrate the RGB pictures of two series-connected, tissue-simulating phantoms and the attached probe of Moor oxygenation and perfusion monitor. As shown in Fig. 8(c) , when the peristaltic pump is on, the blood will be driven and the perfusion map shows a high level in the (12) phantom vessel area; the Moor perfusion monitor displays 100 AE 10 PU. As a comparison, Fig. 8 The multimodal imaging system was verified in vivo by human subject testing. Figures 9(a) and 9(b) illustrate the test scene and the protocol of PORH procedure. Figure 9 (c) plots the corresponding dynamic changes of skin tissue StO 2 and perfusion calculated by averaging three selected ROIs on the monitoring region. It also plots the measurement results of Moor oxygenation and perfusion monitor during the PORH process. It can be seen from the green curves that the StO 2 measurement results of both the imaging system and the Moor monitor are well-matched. The StO 2 level drops during the suprasystolic occlusion period (from the 60th second to the 240th second) and rises above the starting point when the pressure on the arm is released (from the 240th second to the 360th second). The perfusion measurements show similar trends, as plotted by the blue curves in Fig. 9 . However, some disparities exist between the two measurements at the initial and the final stages. The disparities may be caused by two reasons. First, the acquisition period of multimodal images took about 6 to 8 s due to the responsive time of the electric shutter switching, allowing enough exposure time for capturing every image, and the time delay of Labview Run-Time software package. Thus, optimization of the software and reduction of the time required for illumination switch will improve accuracy of measurements. Second, the measurement position and depth of Moor monitor did not coincide exactly with the imaging system. In addition, the Moor monitor may be affected by the variation of blood concentration, skin color, and scattering properties of the human subject.
Nude mice wound healing process monitoring
The imaging system was also verified in a nude mice wound model to demonstrate its technical potential for wound healing assessment in clinical practice. Oxygen saturation and blood perfusion maps of the wound periphery were reconstructed and compared. In Fig. 10(a) , longitudinal monitoring results of spatiotemporal hemodynamic changes in a mouse wound model are enumerated. The first row shows real-color pictures of the wound area from the first day after biopsy to the ninth day, when the wound had remodeled completely. The second and third rows show the dynamics of StO 2 and perfusion maps, respectively. In order to quantify the functional parameter changes during the wound healing progress, annular computational ROIs around the wound were selected. Both StO 2 and perfusion intensities have been calculated and plotted as shown in Figs. 10(b) and 10(c). The measurements were triplicated to minimize random errors. Considering the intuitional StO 2 maps and the dynamics plot, tissue oxygen saturation at the first day is indicated to be a relatively low level. However, an obvious increase is witnessed from day 2 to day 6 after biopsy. After that, the StO 2 subsides slowly and reaches a stable oxygen level as healing is completed. Toward the perfusion, a similar dynamic trend can be seen. The initial perfusion intensity is relatively low, and a significant increase is shown from day 2 to day 6. On days 7 to day 9 the perfusion is observed to be lower, suggesting a return toward baseline. Classical physiology of wound healing has been reported by Strodtbeck, 40 Singer and Clark, 8 and Ueno et al. 41 Three phases of hemostasis, angiogenesis, and coalescence can be preliminarily witnessed in these maps. Physiologically speaking, the initial dip in StO 2 and perfusion may be attributed to the hemostasis due to biopsy. Schreml et al. 42 referred that the vascular disruption and vasoconstriction caused a hypoxic microenvironment that was intensified by increased oxygen consumption due to metabolically active cells contributing to wound healing, which also explained the drop in the first days. Also, with the growth of vessels at 3 to 6 days, the parameters exhibited a significant increase, and the results were consistent with our current understanding of the positive and negative regulations of angiogenesis during the different phases of wound healing. 43, 44 Another important mechanism in this stage was activation of vasoactive substances, which increased perfusion to the wound site, whereas the oxygen delivery increased. 40 Although the mapping results are preliminary and rough in spatial resolution, the system still reveals its capability for simultaneous, dynamic multimodal imaging of tissue oxygenation and perfusion.
Conclusions
In this paper, we present a multimodal imaging system that integrates multispectral imaging and laser speckle imaging technologies together. The multimodal imaging system utilized only a single camera to realize quasisimultaneous and quantitative characterization of tissue oxygenation and perfusion. Rapid and automatic switching between different modalities makes it possible to obtain dynamic measurement with no need of image coregistration. To validate the imaging system, two quantitative calibration experiments and a new style of skin-simulating phantom were designed; therefore, the numerical accuracy and reliability of the imaging system can be assured. In vivo, a PORH procedure test on a human hand demonstrated the capability of the system for dynamic detection of cutaneous tissue oxygenation and perfusion, and commendable results were witnessed with the comparison to a Moor oxygenation and perfusion monitor. Furthermore, an ongoing wound healing monitoring experiment using nude mice dorsal skinfold chamber models preliminarily revealed the dynamic tendency of StO 2 and perfusion parameters during the healing process. All these results not only validated the performance of the multimodal imaging system for cutaneous tissue oxygenation and perfusion imaging, but also demonstrated its technical potential for wound healing assessment in clinical practice. The future work will focus on enhancing the accuracy and processing speed of the system and developing a portable device for multimodal imaging.
